Liou YM, Watanabe M, Yumoto M, Ishiwata S. Regulatory mechanism of smooth muscle contraction studied with gelsolintreated strips of taenia caeci in guinea pig. Am J Physiol Cell Physiol 296: C1024 -C1033, 2009. First published February 11, 2009 doi:10.1152/ajpcell.00565.2008.-The potential roles of the regulatory proteins actin, tropomyosin (Tm), and caldesmon (CaD), i.e., the components of the thin filament, in smooth muscle have been extensively studied in several types of smooth muscles. However, controversy remains on the putative physiological significance of these proteins. In this study, we intended to determine the functional roles of Tm and CaD in the regulation of smooth muscle contraction by using a reconstitution system of the thin filaments. At appropriate conditions, the thin (actin) filaments within skinned smooth muscle strips of taenia caeci in guinea pigs could be selectively removed by an actin-severing protein, gelsolin, without irreversible damage to the contractile apparatus, and then the thin filaments were reconstituted with purified components of thin filaments, i.e., actin, Tm, and CaD. We found that the structural remodeling of actin filaments or thin filaments was functionally linked to the Ca 2ϩ -induced force development and reduction in muscle cross-sectional area (CSA). That is, after the reconstitution of the gelsolin-treated skinned smooth muscle strips with pure actin, the Ca 2ϩ -dependent force development was partially restored, but the Ca 2ϩ -induced reduction in CSA occurred once. In contrast, the reconstitution with actin, followed by Tm and CaD, restored not only the force generation but also both its Ca 2ϩ sensitivity and the reversible Ca 2ϩ -dependent reduction in CSA. We confirmed that both removal of the thin filaments by gelsolin treatment and reconstitution of the actin (thin) filaments with Tm and CaD caused no significant changes in the level of myosin regulatory light chain phosphorylation. We thus conclude that Tm and CaD are necessary for the full regulation of smooth muscle contraction in addition to the other regulatory systems, including the myosinlinked one.
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confocal fluorescence microscopy; force development; reduction in muscle cross-sectional area; thin filament-linked regulation; phalloidin; phosphorylation of myosin regulatory light chain SMOOTH MUSCLE CELLS have a contractile apparatus composed of actin and myosin filaments and a cytoskeleton compartment constructed by actin filaments and intermediate filaments (8, 50, 53) . However, the sarcomeric structure in smooth muscle cells is poorly understood because of the lack of visible cross striations within the cells under the light or electron microscope. On the basis of several experimental approaches, Small and Gimona (50) proposed a structural model of the contractile apparatus and cytoskeleton within smooth muscle cells. More recently, Seow and colleagues (23, 31, 32, 47) put forward a new model of contractile filament architectures in smooth muscle cells based on the electron microscopic observation on the sarcomeric structures of porcine airway smooth muscle. According to this model, malleable sarcomeric structure composed of contractile units is assembled in series and in parallel. The geometric organization of the basic contractile units within the assembly and the dimension of individual contractile units can be modified to adjust the changes in myofilament lattice when the muscle cells adapt to different lengths. These structural alterations leading to changes in myofilament lattice can account for the different length-force relationships of the smooth muscle obtained at differently adapted cell lengths (31) .
It is clear that smooth muscle contractile activity is regulated by phosphorylation of the regulatory light chains of myosin (MRLC) (26, 43) . However, studies have provided evidence for additional regulatory mechanisms of thin filament regulation and actin filament polymerization/depolymerization in smooth muscle contraction (7, 18, 20, 26, 38, 41, 49) . The potential role of the thin filament-associated regulatory proteins such as tropomyosin (Tm), caldesmon (CaD), and calponin (CaP) have been described in several types of smooth muscles (1, 16, 34, 41, 45, 58) . However, considerable controversy remains on the putative physiological significance of these proteins.
An experimental approach of selective removal and reconstitution of the components in striated muscle has been proved to be a powerful technique for studying the dynamics of reconstituted actin filament assembly and functional roles of thin filament-associated proteins in the reconstituted skeletal (13) and cardiac muscles (9, 10, 29) . In this study, we have created a novel system of selective removal and reconstitution of the components to examine the physiological functions of the thin filament-associated proteins Tm and CaD in the regulation of smooth muscle contraction. Skinned smooth muscle strips were first treated with substantial amounts of gelsolin (0.4 mg/ml) for 90 min such that Ͼ70% of the thin filaments were removed from the skinned cells, the Ca 2ϩ -dependent force development was reduced, and the reduction in muscle cross-sectional area (CSA) was almost lost. Reconstitution with pure actin partially recovered both the Ca 2ϩ -dependent force development and the reduction in CSA. In contrast, reconstitution with actin, followed by Tm and CaD, further increased the force and the cyclic changes of reduction in CSA coupled with the contraction-relaxation cycle. We also confirmed that the phosphorylation of MRLC level was maintained during the removal and reconstitution of the thin (actin) fila-ments. Apparently, the full activation of smooth muscle contraction requires the thin filament-associated regulatory proteins.
MATERIALS AND METHODS
Skinned smooth muscle preparations. Smooth muscle strips (4 -10 mm long, 0.2 mm wide, and 0.04 -0.1 mm thick) were prepared from taenia caeci of guinea pigs (250-g males; Hartley). All experimental procedures conformed to the "Guidelines for Proper Conduct of Animal Experiments" approved by the Science Council of Japan and were performed according to the "Regulations for Animal Experimentation at Waseda University", the "Rules and Regulation of the Animal Studies Committee of Tokyo Medical University," and the regulations recommended by the Animal Care and Use Committee of National Chung-Hsing University. In addition, the Institutional Animal Care and Use Committee (IACUC) of Waseda University, Tokyo Medical University, and National Chung-Hsing University approved all procedures involving animals. All these preparations contain a few thin layers of smooth muscle cells arranged in parallel to the longitudinal axis of the muscle tissues. For force measurements, small muscle strips (3 mm long and 0.15 mm wide) were attached to a pair of tungsten wires with silk thread monofilaments, one of which was connected to a force transducer. To change the solution quickly, we used a metal plate system with six wells (0.23 ml of solution each) with the temperature control set by a circulating water bath (25) . To ensure that smooth muscle strips used were healthy, we first challenged the preparations at their in situ length in 37°C physiological saline (150 mM NaCl, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM glucose, and 5 mM HEPES, pH 7.4) with acetylcholine. The muscle was considered viable when the isometric force produced by the muscle reached a steady maximal value with repeated 10 M acetylcholine challenges. For our measurements, the acetylcholineinduced maximal force for the intact smooth muscle strips was 1.8 -4.5 ϫ 10 5 N/m 2 . To permeate cell membrane, we treated an intact muscle strip with 1% Triton X-100 for 15 min at room temperature in relaxing solution (2.29 mM MgCl2, 1.32 mM ATP, 2 mM creatine phosphate, 10 mM EGTA, 20 mM PIPES, pH 7.0, and 115 mM KCl) (60, 61) . Skinned smooth muscle preparations thus prepared were used for both mechanical force measurements and microscopic studies with morphological changes of the cells. The contracting solution contained 10 mM Ca-EGTA (pCa 4.4) and 1.0 M calmodulin (CaM; Wako Pure Chemicals, Osaka, Japan) in the relaxing solution described above. After membrane skinning, active force of the 50 M Ca 2ϩ -induced contraction was in the range 0.8 -1.5 ϫ 10 5 N/m 2 . For observing morphological changes with a phase-contrast microscope and laser scanning confocal microscope, the healthy skinned muscle strips were dissected to about the same size as the tissues used for force measurements. Both ends of muscle bundles were fixed on the 35-mm glass-base dishes (Glass 12 mm; IWAKI, Tokyo, Japan) with double-sided adhesive tape so that muscle strips were suspended in solution without touching the glass surface.
Preparations of G-actin, CaD, Tm, and gelsolin. G-actin was prepared from acetone powder of rabbit white skeletal muscle (mostly skeletal "␣-actin") as described previously (30, 52) . G-actin was solubilized in a buffer (2 mM Tris ⅐ HCl, pH 8.0, 0.1 mM CaCl2, 0.1 mM ATP, and 2 mM NaN3). The concentration of actin was determined from ultraviolet absorption at 290 nm (A 290 1% ϭ 6.3 cm Ϫ1 ). Smooth muscle CaD and Tm were purified from minced chicken gizzards according to Bretscher (5) on the basis of heat-stable properties of CaD and Tm. A sedimentation assay was used to examine the interaction between CaD and F-actin, in which CaD, CaM (Sigma, St. Louis, MO), and F-actin were mixed with or without Tm. The protein mixtures were incubated for 1 h at room temperature and then centrifuged at 411,000 g for 20 min. After centrifugation, the supernatant was carefully separated from the pellet and both were prepared for SDS-PAGE and protein staining.
Bovine plasma gelsolin was prepared by a procedure of ammonium sulfate fractionation and one step of anion exchange column chromatography according to the method of Kurokawa et al. (33) .
Fluorescence labeling of G-actin and F-actin. Labeling of G-actin with fluorescent dye was performed by incubating F-actin (3 mg/ml, ϳ70 M) with tetramethylrhodamine-5-maleimide (TMR-5-MA; 0.2 mg/ml, ϳ415 M; Molecular Probes, Invitrogen, Carlsbad, CA) in a F-actin buffer (0.1 M KCl, 0.2 mM MgCl 2, 0.1 mM ATP, and 10 mM MOPS, pH 7.0) for 2 h at room temperature. TMR-MA-labeled F-actin was centrifuged at 411,000 g for 45 min at 8°C. The pellet was then dissolved in and dialyzed against a G-actin buffer solution (20 mM PIPES, pH 6.8, 0.1 mM ATP, and 0.1 mM CaCl 2) overnight at 2°C. After centrifugation at 411,000 g for 20 min at 2°C, the fluorescent dye was removed from the G-actin solution with the use of a PD 10 small column. The concentration of TMR was estimated from the molar extinction coefficient at 550 nm of 96,900 M Ϫ1 ⅐ cm Ϫ1 . The concentration of labeled G-actin was determined by subtracting 0.208 ϫ A 550 from the A290 value (11) . Fluorescence labeling of actin (thin) filaments in smooth muscle strips was carried out by applying rhodamine-phalloidin (RP; 0.26 M; Molecular Probes) to muscle strips in the conditions as indicated.
Laser scanning confocal microscopy. Skinned smooth muscle strips with RP-labeled actin (thin) filaments or incorporation of TMR-MA-labeled G-actin were examined under a laser scanning confocal microscope equipped with a 25-mW argon laser at 488 nm (Fluoview-IX/AR; Olympus, Tokyo, Japan) to observe morphological changes upon cyclic changes in relaxing and contracting solutions. To obtain the fluorescence images with a fixed size for each preparation in the relaxing and contracting solutions, a series of optical sections from the bottom to the top of the muscle strips was performed by driving a computerized motor with every 1-or 2-m interval. During the solution exchange, each preparation attached to the glass-base dish was maintained on the stage without changes in the optical settings. All raw fluorescence images without further image processing were used for data analysis by placing a ruler to estimate the muscle width for each optical section of the muscle strips with the use of computerized software associated with the confocal microscope (Fluoview; Olympus). For all measurements of Ca 2ϩ -induced reduction in muscle width, the changes apparently occurred along the whole length of the muscle strips with all consecutive optical sections. Accordingly, we picked up only one segment of muscle strip at a central optical section (the 5th section from the 10 consecutive sections) for quantitation of muscle width, where we confirmed that the width narrowing reflects the reduction in CSA.
Removal and reconstitution of the thin (actin) filaments in smooth muscle strips. The removal and reconstitution of the thin filaments in smooth muscle were done according to the technique previously developed for striated muscle with slight modifications (9, 10, 12, 13, 29) . That is, to remove the thin filaments from smooth muscle cells, the skinned muscle tissue was immersed into the contracting solution containing 0.4 mg/ml gelsolin on ice in the cold room for 90 min. To reconstitute the thin filaments with pure actin (␣-actin), the gelsolintreated muscle strips were then reconstituted with G-actin (1 mg/ml) in an actin polymerization buffer (80 mM KI, 4 mM MgCl2, 4 mM ATP, 4 mM EGTA, and 10 mM KPO4, pH 7.0) and exchanged with fresh protein solution every 10 or 7 min to avoid the spontaneous nucleation of actin filaments outside the muscle strips (13) . Actin polymerization was performed for a total of 60 min (10 min ϫ 6) or 28 min (7 min ϫ 4). Removal and reconstitution procedures were thus carried out at Ͻ2°C. To reconstitute the thin filaments, the gelsolintreated muscles were reconstituted first with 1 mg/ml G-actin (7 min ϫ 4 in the polymerization buffer) and then with 0.2 mg/ml Tm (7 min ϫ 4) and 0.2 mg/ml CaD (7 min ϫ 4) sequentially at Ͻ2°C.
To visualize the reorganization of actin filaments in the reconstituted smooth muscle, G-actin containing 10% TMR-MA labeled G-actin was used to reconstitute the filaments within the muscle, or after reconstitution with unlabeled G-actin, the polymerized actin filaments were then stained with RP in relaxing conditions at a cold temperature overnight or at room temperature for 1 h. Both treatments provided three-dimensional structural information on the reconstituted actin filaments with and without regulatory proteins within the smooth muscle strips. In addition, we could compare the Ca 2ϩ -induced active force generation and reduction in CSA between the smooth muscle strips reconstituted with the actin filaments and the thin filaments.
After the observation under a confocal fluorescence microscope or the measurement of force development, all smooth muscle preparations were run on the SDS-PAGE to check the degrees of removal and reconstitution of actin and the thin filament-associated regulatory proteins. These tissue samples with similar morphological dimensions (4 mm long, 0.2 mm wide, and 0.1 mm thick) were dissolved in a sample buffer of 50 l (62.5 mM Tris, pH 6.8, 10% glycerol, 2% SDS, 10 mM ␤-mercaptoethanol, and 0.01% bromphenol blue) and solubilized in a boiling water bath for 10 min. Electrophoresis was carried out in acrylamide (10%) gels ready to use (ATTO, Tokyo, Japan) at a constant current of 25 mA for ϳ90 min at room temperature. Gels were stained with Coomassie brilliant blue R250. On the basis of molecular size and immunoblotting by antibody against CaD (CM-MAB1684; Chemicon) and Tm (TM311; Sigma), we could identify the possible positions of CaD and Tm for smooth muscle preparations in the gels. However, it should be noted that there is a difference between avian and mammalian CaD; that is, the position of the standard of chicken CaD appears to be lower than that of guinea pig CaD in the gels.
Measurement of MRLC phosphorylation. After force measurements, the small skinned preparations were quickly fixed by immersion in ice-cold trichloroacetic acid with 10% acetone containing 10 mM DTT for 15 min. The dried preparations were then incubated in urea-sample buffer containing 20 mM Tris-OH, pH 7.0, 10 mM DTT, and 8 M urea for 4 h at 20°C. The extracts were subjected to 15% glycerol-PAGE coupled with Western blotting. MRLC was detected with anti-MRLC antibody (a gift from Dr. Yoshiyama, Gunma University) and visualized with horseradish peroxidase-conjugated antirabbit IgG (GE Healthcare UK, Chalfont St. Giles, UK). The contents of unphosphorylated and phosphorylated MRLC were quantitatively measured and analyzed using a computer-based densitometer system (Densitograph; ATTO). The degree of MRLC phosphorylation was determined as the ratio of phosphorylated MRLC to the total MRLC of unphosphorylated and phosphorylated proteins densitometrically determined (46) . The phosphorylation level of smooth muscle MRLC was calculated as P/(P ϩ U), where P and U are the densities of phosphorylated-and unphosphorylated MRLC, respectively. Note that we did not use the antibody specific for the phosphorylated form. No phosphorylation occurred in the skinned taenia caeci preparations under relaxing conditions (22) .
Statistics. Quantitative values are means Ϯ SE (n is the number of experiments). An unpaired two-tailed Student's t-test and one-way ANOVA were performed for between-group comparisons. Scheffé's multiple range test was used following ANOVA to determine which groups differed from each other. For all tests, P values Ͻ0.05 were considered significant.
RESULTS
Early studies using smooth muscle strips skinned with Triton X-100 have shown that inhibition of depolymerization of the thin filaments by phalloidin has relaxant effects on the active force (4) and increases the tension cost (28) during Ca 2ϩ -activated contraction. Consistent with these findings, Fig. 1A shows that the addition of phalloidin (0.1 M) caused 16% decreases of Ca 2ϩ -dependent maximal force (control, n ϭ 4: 0.57 Ϯ 0.02; phalloidin, n ϭ 6: 0.48 Ϯ 0.02; P ϭ 0.002). In addition, we found that phalloidin affected the degree of the Ca 2ϩ -dependent width narrowing, i.e., reduction in CSA, during the isometric activation (Fig. 1B) . In the absence of phalloidin, Ca 2ϩ activation elicited ϳ18% width narrowing, which is approximately equivalent to the reduction in CSA by 33%. On the other hand, the Ca 2ϩ -dependent width narrowing was only 11% in the presence of phalloidin, where the addition of phalloidin to the relaxation solution had no effect. Apparently, the interruption of actin filament assembly and disassembly would affect contractile force development and reduction in CSA in permeabilized smooth muscle.
To examine the spatial distribution of actin filaments associated with contractile changes in muscle during the cyclic activation of smooth muscle, we used RP to label actin filaments. All RP-labeled muscles showed the highly parallel Values are means Ϯ SE; n ϭ 4 and 6 measurements for the control and the phalloidin experiments, respectively. B: effects of Ca 2ϩ (contraction) and phalloidin on width narrowing of skinned smooth muscle strips, which was measured using the phase-contrast microscope. Represented on the x-axis are ϩCa 2ϩ (contraction), ϩCa 2ϩ ϩ phalloidin (contraction in phalloidin), and ϪCa 2ϩ ϩ phalloidin (relaxation in phalloidin). Histograms show means Ϯ SE; n ϭ no. of measurements as indicated in bars. Asterisks indicate a significant difference (Student's t-test) among all conditions where P values are Ͻ0.05. For 1-way ANOVA, P ϭ 2.6 ϫ 10
Ϫ6
. arrangement of cells in their long axes aligned with the direction of force generation/transmission ( Fig. 2A) . We noted that morphological appearance of the nuclei within RP-labeled smooth muscle strips reversibly changed in the relaxationcontraction cycle (Fig. 2, A and B) . The nuclei can be seen clearly within the cells in the relaxing condition (as indicated by arrows in Fig. 2A ), whereas they became obscure in the contracting muscle cells. This observation may suggest that a possible link exists between the contractile apparatus and the nucleus during the cyclic activation of smooth muscle. In addition, consistent with the unlabeled muscle strips, RPlabeled muscle strips showed the width narrowing at every optical section from the bottom to the top (Fig. 2B) , which indicates the reduction in CSA upon Ca 2ϩ activation, whereas relaxation recovered it (Fig. 2, B and C) . Thus the present observation indicates that the reduction in CSA (width narrowing, as an equivalent and simple method) is a good indicator of contractility of smooth muscle strips.
It is of interest to delineate the relationship of the actin filament assembly and the thin filament-associated regulatory proteins Tm and CaD in the cyclic regulation of smooth muscle contraction. An experimental approach of selective removal and reconstitution of the components in striated muscle has proved to be a powerful technique for studying the dynamics of reconstituted actin filament assembly and functional roles of thin filament-associated proteins in the reconstituted skeletal and cardiac muscles (9, 10, 12, 13, 29) . We have used this experimental approach to examine the physiological functions of regulatory proteins CaD and Tm in the regulation of smooth muscle contraction. Gelsolin is known to be an actin filament-severing (and capping) protein within smooth muscle cells (50) . Figure 3 shows that treatment with substantial amounts of gelsolin (0.4 mg/ml) for 90 min significantly removed (75%) the thin filaments from most skinned smooth muscle strips. The residual thin filaments within the muscle strips could be visualized by the fluorescence labeling with RP under fluorescence microscopy, and the degree of actin removal and reconstitution was determined by SDS-PAGE (Fig. 3A) . Desmin (55 kDa) is a component of an intermediate filament located in the cytoskeletal region at the dense bodies and dense plaques in smooth muscles (50) . Since gelsolin is known to specifically sever actin filaments, gelsolin treatment might not affect the composition of desmin in skinned smooth muscle strips and tentatively used as an internal control. For other protein contents in control, gelsolin-treated, and actin-reconstituted muscle strips with and without exogenous Tm and CaD, we found that the content of myosin heavy chain and MRLC was not altered as well during the procedures of gelsolin treatment and reconstitution. In contrast, ϳ75% actin could be removed and satisfactory reconstitution (Ͼ75%) of actin filaments with and without exogenous Tm and CaD could be achieved in the gelsolin-treated muscles (Fig. 3B) .
The functional analyses of Ca 2ϩ -dependent changes of reduction in CSA for the extracted and reconstituted smooth muscle preparations are shown in Fig. 4 . The muscle strips partially lost the Ca 2ϩ -induced contractile response (50%) as observed by the width narrowing of muscle strips after the treatment with 0.4 mg/ml of gelsolin for 60 min, whereas there was a greater decrease in the Ca 2ϩ response (98%) after 90 min of gelsolin treatment. The data reported are consistent with earlier studies by Gailly and colleagues (14, 15) showing that brevin (another name for gelsolin) exerts an actin filamentsevering action and dramatically causes the loss of the me- Fig. 2 . Cyclic changes of reduction in CSA on contraction-relaxation cycle in skinned smooth muscle strips with fluorescence labeling of rhodamine phalloidin (RP). A: RP-labeled muscle strips showed Ca 2ϩ -dependent width narrowing, which reflects the reduction in CSA. B: 4 sequential images taken at 1-m intervals from the bottom to the top at the central region of a typical RP-labeled muscle in the 2 cycles of relaxation (R) and contraction (C). Scale bars, 50 m. C: quantitative analysis of width measurements for smooth muscle strips with RP labeling. For RP-labeled muscle strips, the reduction in CSA was determined using a confocal scanning fluorescence microscope with the same optical section of image in each condition. Muscle width at the first relaxation was used to normalize the width for the subsequent measurements. Each data point is the mean Ϯ SE for 4 different measurements by confocal fluorescence microscopy. Asterisks indicate significant differences (Student's t-test) among muscle width for the subsequent measurements and the width at the first relaxation, where P values are Ͻ0.05. chanical tension and ATPase activity of skinned smooth muscle. In addition, we found that the recovery of the Ca 2ϩ -dependent width narrowing was 80 and 88% (equivalent to ϳ64 and 77% recovery of CSA, respectively) for reconstituted smooth muscle strips with the actin filaments and the thin filaments with Tm/CaD, respectively, compared with the controls. Together, these observations suggest that the thick filament-linked activation without the thin filament regulatory proteins could substantially control the Ca 2ϩ -dependent smooth muscle contraction.
However, differences in cyclic changes of reduction in CSA were found to exist in between reconstituted smooth muscles with actin filaments and thin filaments with Tm/CaD (Fig. 5) . For the smooth muscle strips reconstituted only with actin filaments, the reduction in CSA induced by Ca 2ϩ was irreversible. Once Ca 2ϩ -induced reduction in CSA occurred, they lost the ability to relax the reduction in CSA (Fig. 5A) . In contrast, smooth muscles reconstituted with actin filaments, followed by Tm and CaD, displayed the cyclic changes of reduction in CSA during the isometric activation and relaxation (Fig. 5B) . The quantitative data are shown in Fig. 5C . These observations suggest that the thin filament-associated regulatory proteins Tm and CaD are still required for the cyclic activation of smooth muscle contraction.
In addition, the comparison of force measurements for skinned smooth muscles with gelsolin treatment and actin filament reconstitution in the presence and/or absence of regulatory proteins Tm and CaD is shown in Fig. 6 . Note that we did not apply 2,3-butanedione monoxime (BDM) during gelsolin treatment as has been done in reconstitution experiments on striated muscles (9, 10, 29) , since BDM had little effect on the skinned smooth muscle (59) . As summarized in Fig. 6B , skinned smooth muscle with partial removal of actin filaments with gelsolin treatment reduced the force development to 57% compared with the controls. Reconstitution of actin filaments partially recovered the force (72% of the controls), whereas reconstitution of thin filaments with regulatory proteins Tm and CaD caused a greater recovery of the force (92%). These results are consistent with the previous finding (37) that CaD together with Tm involves cooperative activation of force-generating cross bridges in smooth muscle.
To distinguish the effects caused by the thin filaments or the thick filaments, after force measurements, we measured the phosphorylation level of MRLC of small skinned preparations without gelsolin treatment (control), with gelsolin treatment, and with actin (or thin) filament reconstitution following gelsolin treatment (Fig. 7) . Removal of actin filaments by gelsolin caused no changes in MRLC phosphorylation. In addition, no significant difference in the MRLC phosphorylation was detected between reconstitution of actin filaments and thin filaments, although they recovered the force development differently. These results indicate that the thin filament-associated regulatory proteins Tm and CaD are needed for full activation/ regulation of smooth muscle. Consistent with the reported study (51) , CaD affected the contractile activity in skinned smooth muscle without influencing the level of MRLC phosphorylation. Together, these results indicate that the thin filament-associated regulatory proteins Tm and CaD are needed for regulating the cooperative formation of cross bridges in smooth muscle.
DISCUSSION
One of the novelties of this study was the use of gelsolin, an actin filament-severing protein, to selectively remove endogenous actin (thin) filaments from muscle cells and setup of a reconstitution system with/without regulatory proteins for studying smooth muscle contraction and regulation. Specifically, we have studied this thin filament reconstitution system to visualize the cyclic changes in filament lattice remodeling in smooth muscle strips (Figs. 4 and 5 ). In addition, we attempted to relate functionally the structural remodeling of actin filaments or thin filaments to the Ca 2ϩ -induced force development (Fig. 6 ) in skinned smooth muscle strips. After reconstitution of the gelsolin-treated muscle strips with pure actin (␣-actin), quantitative analyses of thin filament depletion and reconstitution. By using desmin as an internal control, a ratio was obtained for myosin heavy chain (MHC), caldesmon (CaD), actin, and tropomyosin (Tm) in muscle strips of control, gelsolin-treated, actin filament-reconstituted, and thin filament-reconstituted muscle strips. The gelsolin treatment was done for 90 min, and reconstitution was done with pure actin (7 min ϫ 4) and then the regulatory proteins for the thin filaments (7 min ϫ 4 for Tm and 7 min ϫ 4 for CaD) in the cold room. All aliquots of muscle proteins were run on 10% gels. At least 5 different gels were analyzed. Histogram shows means Ϯ SE for at least 5 different muscle strips. Asterisks indicate P values Ͻ0.05 for the significant difference for the protein content of CaD, actin, and Tm in muscle strips compared with those in control muscle, respectively.
the Ca 2ϩ -dependent force development was partially restored but the Ca 2ϩ -induced reduction in CSA occurred only once (Fig. 5) . In contrast, reconstitution with actin, followed by Tm and CaD, restored not only the force generation but also both its Ca 2ϩ sensitivity and the reversible Ca 2ϩ -dependent reduction in CSA (Fig. 5) . These results suggest that both CaD and Tm are required for the cyclic operation on the Ca 2ϩ -dependent reduction in CSA.
The Ca 2ϩ -dependent phosphorylation/dephosphorylation of myosin regulatory light chain by myosin light chain kinase (MLCK)/myosin light chain phosphatase (MLCP) is thought to control the contraction-relaxation cycle of smooth muscle (26, 43) . Smooth muscle myosin, similarly to striated muscle counterparts, contains two heavy chains (MHC) and two pairs of light chains, one 20-kDa regulatory light chains (MRLC) and the other 17-kDa essential light chains (MELC). Activated by Ca 2ϩ /CaM, MLCK causes phosphorylation of serine-19 and/or threonine-18 at MRLC (54), and MRLC phosphorylation increases actin-activated ATPase activity of myosin at least 100-fold (56, 57) . Once phosphorylated, the myosin cross bridges can bind to actin, generating force by cross-bridge cycling. In this study, reconstitution of the gelsolin-treated skinned muscle strips with pure actin partially restored the Ca 2ϩ -dependent force development and noncyclic changes in reduction in CSA (Figs. 4 -6 ). This observation is consistent with the suggestion that the thick filament-linked activation plays a substantial role in Ca 2ϩ regulation of smooth muscle contraction.
Under some conditions, unphosphorylated cross bridges are not completely turned off, indicating that force is also regulated by the thin filament-associated proteins or some other mechanistic pathway (20, 41) . Evidence for the thin filament regulation of smooth muscle contraction includes 1) the demonstration of Ca 2ϩ sensitivity of myosin ATPase activity in preparations containing skeletal muscle myosin and smooth muscle thin filaments (38), 2) reports that cross-bridge cycling rates can vary without detectable changes in MRLC phosphorylation (18, 49) , and 3) reports on decoupling between MRLC phosphorylation and tension (7, 26) . The present study demonstrated that reconstitution with actin, followed by Tm and CaD, restores further the force and the cyclic changes of CSA. In addition, the level of MRLC phosphorylation was not affected by removal of the thin (actin) filaments and reconstitution with exogenous actin and regulatory proteins (Fig. 7) . Together, the data reported presently provide evidence that for a full regulation of smooth muscle, actin and myosin with a phosphorylation/dephosphorylation system are not enough and that the thin filament-associated regulatory proteins, i.e., at least Tm and CaD, are needed. Actin, Tm, and CaD, which are not Ca 2ϩ -binding proteins, will be allosterically involved in the Ca 2ϩ regulation in collaboration with the CaM/Ca 2ϩ system (1). CaP is an actin-binding protein (55) that also binds to CaM, myosin, desmin, and phospholipids (26, 41, 45) . Both CaD and CaP are thought to be the two major thin filament regulatory proteins in smooth muscle. Binding studies have suggested that CaP and CaD compete for the same binding site on actin (36) , suggesting that these two proteins are associated with different classes of thin filaments (35) . Studies with immunocytochemistry of chicken gizzard smooth muscle have revealed that CaD is colocalized with the contractile proteins, whereas CaP is associated with both the contractile and cytoskeletal proteins (42) . Morgan and Gangopadhyay (41) proposed a model of the CaP-ERK-CaD system in which CaP serves as an adaptor molecule that carries phospho-ERK to the vicinity of CaD, leading to CaD phosphorylation and contraction. It should be greatly interesting to test this proposed model using the reconstitution system presented in the present study.
Using the methods of DNase inhibition and actin-affecting drugs (phalloidin, cytochalasin, and latrunculin), Mehta and Gunst (40) first studied the role of actin polymerization in the regulation of smooth muscle contractility in canine trachealis muscle strips. They found that the G-actin content was 30% lower in extracts of muscle strips activated with acetylcholine than in extracts from unstimulated muscle strips. The decrease in G-actin content in the extract in response to contractile Images were obtained with a confocal scanning fluorescence microscope. Scale bars, 50 m. C: summary of the degree of width narrowing in reconstituted smooth muscles with actin filaments and thin filaments in the 2 cycles of relaxation and contraction. Each data point is the mean Ϯ SE for 4 different muscle strips. Asterisk indicates the significant difference of the width narrowing between the thin filament-reconstituted and the actin filament-reconstituted muscle strips, where P value is Ͻ0.05. stimulation was prevented by inhibitors of actin polymerization with no effect on MRLC phosphorylation. In support of this observation, several lines of evidence have been provided further showing that actin polymerization in smooth muscle is functionally related to contractile activity under physiological conditions (6, 28, 48, 62) . In addition, Bárány et al. (3) found a rapid exchange of the G-actin-bound ATP in intact arterial smooth muscle, indicating that dynamic rearrangement of actin filaments occurs in intact smooth muscle. All these studies have suggested that polymerization dynamics of G-actin monomers into actin filaments may play an important role in contractile activation in smooth muscle independently of activation of myosin ATPase activity in response to MRLC phosphorylation.
In the present study, we confirmed the findings reported by Boels and Pfitzer (4) and Jones et al. (28) that the addition of phalloidin, which stabilizes the thin filaments and suppresses the polymerization/depolymerization dynamics of actin, caused a decrease in Ca 2ϩ -activated force and reduction in CSA even in skinned smooth muscle strips (Fig. 1) . Apparently, interruptions of assembly/disassembly dynamics of actin filaments would affect the contractile activity of smooth muscle. The appeal of this concept is that many of the advances now occurring in the field of integrins, extracellular matrix, and cytoskeleton in nonmuscle cells may have applicability to the contraction mechanism of smooth muscle.
Evidence has been provided for smooth muscle contraction sharing the mechanism of the sliding-filament, cross-bridge cycling as proposed in striated muscle (17, 21, 27) . However, the contractile function and myofilament assembly in smooth muscle cells is still quite different from that of sarcomeres built in striated muscles (19, 24, 32, 43) . The most significant difference is that the smooth muscle has an inherent tendency to optimize the contractile filament overlap at any cell length within its physiological range and to maintain the ability to generate maximal force over that length range. In this study, we found that the Ca 2ϩ -dependent changes of reduction in CSA occur with the isometric force development during the contraction-relaxation of Triton X-100-skinned smooth muscle strips. Consistent with the structural model of Seow (47) , the data reported in this study (Figs. 2, 4 , and 5) showed that all smooth muscle cells aligned in parallel with the longitudinal axis of the muscle strips may form a mechanical syncytium to perform the mechanical work as a group (32) . Upon isometric activation, intercellular mechanical couplings of individual cells to their neighbors cause the reduction in CSA in smooth muscle strips. This Ca 2ϩ -dependent reduction in CSA is most likely due to a myofilament-related phenomenon, since gelsolin treatment for 90 min completely abolished this Ca 2ϩ -dependent activity (Fig. 4) . According to the malleable model for smooth muscle contraction by Kuo and Seow (31, 32) , myofil- Fig. 7 . Comparative analysis of myosin regulatory light chain (MRLC) phosphorylation in skinned smooth muscle strips. A: a typical pattern for MRLC phosphorylation measurement. B: quantification of MRLC phosphorylation for control (C), gelsolin-treated (G), actin filament-reconstituted (A), and thin filament-reconstituted (T) muscle strips. The extracts of muscle strips were subjected to 15% glycerol-PAGE coupled with Western blot analysis. MRLC was detected with anti-MRLC antibody and visualized with horseradish peroxidase-conjugated anti-rabbit IgG. For more details, see MATERIALS AND METHODS. The contents of unphosphorylated and phosphorylated MRLC were quantitatively measured and analyzed using a computer-based densitometer system. The percentage of MRLC phosphorylation was determined as the ratio of phosphorylated MRLC to total MRLC. Histogram shows means Ϯ SE for 4 measurements. No significant difference was detected among all preparations. For 1-way ANOVA, P ϭ 0.7352. The force was normalized to that measured immediately after muscle skinning. B: summary of the maximal tension developed after 20 min of activation for the various preparations in A. The tension was normalized against that for control muscle strips. Each data point is the mean Ϯ SE for 7 measurements. Asterisks indicate the significant difference for the tension development of muscle strips of gelsolin treatment and actin filament reconstitution compared with that of control muscle, where P values are Ͻ0.05. For 1-way ANOVA, P ϭ 0.0004. ament lattice can be adjusted when the smooth muscle cells adapt to different lengths upon activation. After the reconstitution of the gelsolin-treated muscle strips with pure actin, the Ca 2ϩ -dependent reduction in CSA occurred once, probably because the formation of latch cross bridges with actin filaments has a limited dissociation rate. On the other hand, the reconstitution with actin, followed by Tm and CaD, restored both its Ca 2ϩ sensitivity and the reversible Ca 2ϩ -dependent activity. Smooth muscle CaD is an elongated protein containing two relatively compact domains at the NH 2 -and the COOH-terminal ends (34, 58) . The COOH-terminal domains are responsible for actin binding and inhibition of myosin ATPase activity in vitro. Binding of CaM or phosphorylation of the two COOH-terminal actin-binding domains can reverse some of the inhibitory actions of CaD in vitro. The NH 2 -terminal half of the molecule has been shown to bind myosin and, in vitro, to tether myosin to actin in conjunction with COOH-terminal actin-binding domains of CaD (37, 51) . In this study, the tethering of CaD between the thick and the thin filaments, possibly in collaboration with Tm, could display both Ca 2ϩ sensitivity and the cyclic changes in lattice remodeling. Note that in striated muscle, the reduction in CSA also occurs upon force generation, although the degree of reduction is much smaller (2, 39) . In summary, the present reconstitution system has opened a novel way to study the molecular mechanism of smooth muscle contraction and regulation.
